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SUMMAEY 



A theoretical investigation has been made of the in- 
fluence of changes in vertical tail area and dihedral 
angle on the lateral flying characteristics of an air- 
plane. Trie lateral motions were computed for nine differ- 
ent coffiTDlnations of vertical tail area and dihedral, cov- 
ering tiie range ox" parameters used in the. design of typi- 
cal airplanes. The motions were initiated by aileron and 
rudder controls, and. consideration was given to various 
amounts of yawing moment accompanying aileron control. 

Aileron control was shown to produce better lateral 
maneuirering than rudder control. With aileron control, 
improvements were accomplished by increases in vertical 
tail area and decreases in dihedral. The rudder was 
effective for enforcing sideslip and supplementing the 
ailerons. 

The possibility is advanaed that favorable lateral 
flying characteristics are associated with very short- 
period lateral oscillations. 

IFTEODUCTIOI 



In the design of airplanes, several criterions have 
been suggested and used for the choice of aerodynamic 
deriV8,tives to obtain favorable flying characteristics* 
The results of compljing with different existing criteri" 
ong for lateral chnracteristics , however, are at variance 
as evidenced by the number of airplanes that show widely 
different lateral Plying characteristics. The present 
paper i s an endeavor to establish a comprehensive basis 
for the choice of lateral aerodynamic derivatives. 
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Lateral flying qualities are known to be Largely de- 
pendent on vertical teil area and dihedral angle but, for 
making predictions, the nature and tLe magnitude of the 
effects of specific changes remain to be considered. Con- 
sideration must also Le given to the lateral eontsols be- 
cause desirable qualities are, in part at least, dependent 
on tho available control and the s^'sill vith which it must 
'be applied. 

In the present study, therefore, the effects of def- 
inite cnanges in vertical tail area and dihedral on the 
lateral maneuverability of an airplane are investigated; 
computations are icade of the banking, the azimuth, and 
tni? sidsslipping motions for a hypothetical airplane with 
three different amounts of vertical tail area and three 
settings of dihedral angxe. The motions were initiated 
by rudder control alone and hy aileron control with var- 
ious suppl emeiitary yawing moments. 

The results lave oeen analyzed on the basis of the 
attainment of optiraum lateral flying characteristics with 
a miniTEur* of effort. fitl? aileron control, for instance,, 
G-otimum attributes of tie actions are a linear variation 
of angle of baul; of as large a magnitude as is feasible 
witn a ^^iven amount of control, tne elimination of adverse 
heading, and a mininum of sideslix). The control moment 
reiiUired to obtain a given angular displacement in a given 
time vas takes as a measure of control fcrcs. The data 
are presented in a form that should be of aid in making 
qualitative estimates of the lateral flying characteris- 
tics of conventional airplanes. 



MSTEOD 



The analysis of the effect of fin area and dihedral 

on the maneuverability of an airplane was made by a com- 
parative study of ■^he lateral motions resulting from the 
use of the ailerons and the rudder. 

The lateral motions of the airplane may be obtained 
as solations to the lateral equations of motion. These 
equatioas contain terns that are dependent on the param- 
eters: fin area and dihedral. Changes in the parameters 
effect associated changes in the lateral motions. Motions 
fur every combination of these pararaeters may therefore 
be determined. 



Reproduced from 
besi available copy. 



The 'd imens iona 1 equations of lateral notion are es- 
sentially id&xitical witii those used in the past an-^ their 
development maj be obtained from reference 1. The-. eCLua- 
tfons are as follows: * 





dt 


pX.p - 






dr 

dt " 






m ? 


ii 

dt 


mg0 - 





rmV 



(1) 



where tJae symbols lare standard as listed on tlie covers of 
UAOA reports. In addition 

L - % - If. etc. 



and = y 



la order conveniently to use aerodynamic data in 
standard nondimensio nal form and sinniltaneoiisly to main- 
tain tlie original physical significance of the equations, 
a consistent nondimensional system was used. 

fh^ fuadjaaental units of the nondimensional system 
may be taken t o ibe 

unit of length 
unit of time 
unit of mass 



h 

h/T 

-SI) 
2 w'' 



If length, time, and aiass are expressed in teriBs of the 
proper units, there will res'alt nondimensional quantities 
as followej 
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T - 
^ - b 



= b'T? 



(2) 



M, = 



m 

P a - 
2 



If t^ie dimensionel monent equations are divided 
tiirongli \>j bJL 1^\> and the fo"ce equation 

and if tiue proper substitutions are Triad© according So 
equations (2), tt© noxidi jaerisio aal equations of lateral 
motion are 



= 0^ 



J 



wile re 



ds 



30i 



. 0^ = etc 



It siio-ald be noted tiaat 



dt ds " ? 



Thus tiie partial derivatives Ci > C_, , etc. 



are half 
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the vs^l-Q© of the derivatives Cl , 0^ » etc., where 

P 



BG 



n 



27 



etc 



The terms of the right-haiid side of equations (S) 
represent disttirbances applied to tn<5 systeip aad maj 'ke 
ftinctions of time or, nondimeasionally , f-anctions of the 
distaiice t pa-?eXe<x, fhe tyi^e of disturhaace assuiLed for 
all cages in tnis st"dy i*s one that is applied at the 
teginring of tne irotior and held constant thereafter. 
S-acii disttir'bances aro r e-o ^^esen . ed hy C^l(s) and Ojjl(s), 

where tne co ef f icie-i'*' s 0; and Cn represent the magni- 
tude of the ap-olied coviples. Secause it can he shoT^rn 
that the -"eg-al+s oota^ned, if the mdder is assumed to ap- 
pl5" a piare rcoBoixt , are altered 'by a ciultiply ing factor of 
the order of O.^'?"? or 1.003 whe^i Or is taken ■'nto ac- 

con Kit, Or HiaZ' oe assuaed to he zero. 

iQ/uat ions ^ ?) can no" he solved for tiie irariahlss 0, 
p, a'od and the solutions as functions of s are the 

tani-Ling, si6 esl ippiog , and aziavth motions, respectiyely* 
Ti-e unit solutions are ohtainsd hy the methois of opera- 
tional calculus in a manner similar to that outlined in 
reference 2 and the solutions are of the form 

As Xo s 

A 3(s) + 0 e +50" ... 

Ehs solutions fur )j can also be written 



where txie 'banking motion is due to a unit rolling 

disturhance, Is due to, a unit yawing disturbance, and 

yl is tne hanlring motion resulting from an^ combination of 
raagnitudes of the two disturbances, 

Xiifeewi se, 

f ^ Oi '^l + % (5) 
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and 



Equations (4), (5), and (6) express in general terms 
tte solations to the lateral equations of rnotior. For 
convenience, however, each sol'ition may be rewritten in 
various forms to demonstrate more clearly certain paints. 
Equation (4), for instance, may be written 



wiaere ^/'Cj^ is tne motion associated with the app''icatxon 

of a unit roliirg Jiiotnent and siirultaneously a yawing mo- 
ment in tbe "at lo Op/Oi* 



5 iailarly , 



ani' 



S 0 



Up to tn^s point, onlj motions have been considered 
tiiat na-je been initiated by pr edet ernined disturbances. 
It s also possible to study disturbances necessary to 
perform pr edet ermi^ied raotions, 

Tiaus, the motion to be pr edet ermined.may be that mo- 
tion which results ir tie angle o' bank Q at the end of 
tiie interval Sq . Sucn a piotion is referred to as a 

"maneuver" and will be labeled ^Sq' because and 

0a are j^nown functions of s, their values at ■tiie end of 
the interval Sq E;ay be deteroined and called and 

, respectively. Then, in order to study control di- 

rectly, the reciprocal of equation (7) mag bey ^ and at 
the instant s. 



'o 
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(10) 



TiLUS, for any given mgneuver and type of control, tiae ef- 
fect of cliangirif vertical tail area and dihedral on the 
magnitude of the necessary control nay be determined* 

A consideration of oi^timuia conditioas for controlled 
motions i'^dica'^ed tiiat the reaction to control in any case 
sJaould be in strict accordance witxi the iXitended reactioa. 
With, res-oect to the szi'nath. raotion, any change in heading 
opposite to f^xat intended is trndesiraole and such, a reac- 
tion will "De termed "ed verse." 



In order •*-o stndy t. e elimination of an adverse head- 
ing, coasider tiie a/pot tiet ical case in which particular 
control app lirsatlo ns jrevent ary cnange of heading. Then, 
equation (8) inay he written 



or 



;n _ ^ 



(11) 



Thus the variation of Ojj/G^ required to pre%'ent a change 
of aeading is determined as, a function of s. The func- 

tion — (s), for tjLie casRs considered, has positive maxl- 

i 

mum values wjiaicjb. indicate that the resulting neading will 
alT'ays "be favorable and not adverse if control is applied 
initially in the ratio 0^^/ G i equal to or greater than 

tha-t maximum determined by tiie function. 

In order to determine the l9.teral motions following 
applied yawing moment alone, equation (4) tiecomes 



5^ ^ On 0n 
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or 

Ir like manrer, from eauatiori (5) 



and from e4U3tion (6) 



"4L ^ 



a 



(13) 



y _ 



(14) 



A S 3 JMED A ISP L AITS G HAfiiLCT SR I ST I C S 



In order to obta-'n solutions for 0, p, and ii that 
can be plotted for analytic purposes, nuiaericax values of 
tte stability deiivatives ard other airplane ciiaract eri s- 
tics rrnist be determined, A pursuit-type airplane mas as- 
sumed and the weight distribution was tasen as tfce average 
of 19 D-'Odern pursuit airplanes. Although of conventional 
design and general dimensior's, the airplane in detail was 
assumed to be characterized caiefly "by its set of aero- 
dynaEiic derivatives. 

pertinent numerical data are as follows? the span 
is assumed to be 32 feet, the aspect ratio, 8; the taper 
ratio, 2;1; and the sweep angle, 0". The lift coefficient 
curing flight is ass-'Tmed to be 1, Deferences 3, 4, and 5 
were used for determining representative values of the 
stalsiXity derivatives. Those derivatives, which are 
usually considered essentially int'ependent of changes in 
fin area and dihedral, are as follows: 



Qi = -0,5 
''P 

C7 = 0.344 

I, J. 



C„ ^ -0.0644 
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The prircipal effect of varying dihedral is to change the 
amoiiut of rolling mo;aeit dne to sideslip. Thus 

0 0 

10 -.14 

where V is tne effective dihedral angleo 

Changes in fin area influence the values of certain 
stability derivatives,. r.ainci.y, yawing laoment and side 
force due to sideslip, and jawing moment due t o shewing. 
Axl other effects are considered small. Thus 











0 .0 4 


0 


-0.196 


-0.101 


.0 6 


.04 


«-.2 64 


-.151 


. 10 


.12 


~ .400 


-.2 49 



It shotild be noted that a vertical tail area of 4 percent 
of the wing area is required to balance tne unstable yaw- 
ing moment of the fuselage. 

In ail, nine combinations of the parameters F and 
Sf/S,^, identified as cases by the numbers 1 to 9 in 

the following table, mere considered: 



LO 





r— ' — " — ■ ^ 
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10 


0 04 


J. 
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.C6 
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5 


8 


. 10 1 3 

1 


6 


9 



Otner factors tnat enter ~-,-Lo the nixaerical computa- 
tf ons are 

U> = 12,5 
— 0 • IC 7 

Kg ~ Q . 174 



It i s also necessar/ to determine the magnitude of the 
ratios Oj^/C^ to be considered, Wormal ailerons, when so 

deflected as^to produce a jositive rolling moment, produce 
also a negative (adverse) yawing moment. The ratio of yaw- 
ing moment to rolling moment for plain flap, 40-percent- 
span ailerons (assumed for the hypothetical, airplane) is 
-0.135 (reference 6), Although larger negative values of 
this ratio may exist with certain aileron installations, 
th© vain© -0,135 has been used as a representative -value. 
It was expected that eliminating the adverse yawing moment 
and., possihly, applj-ing favorable yawing moment would re- 
sult in more .Favorable lateral motions. The ratios 0 and 
0.135 -were therefore considered. Por the small fin of the 
hypothetical airplane, approximately a 10° rudder deflec- 
tion is required aith full aileron deflection to counteract 
the adverse yaw of the ailerons and, in addition, to pro- 
duce a favorable j&wing moment corresponding to the ratio 
0 . 135, 

Because all the numerical factors involved are non- 
dimensional, the results are directly applicable to all 
airplanes geometrically similar to tbe type assumed for 
the numerical computations. 
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BSSULTS Am piscussion 

Late'^al Motions Pue to Applied Eolliiig Moment with 
Different Amounts of Accompanying Pawing Moment 

EJae effects of caanges in dilied-^al angle and fin area 
csn be determined ty comparative studies of tne motions 
identified by tbe nine cases given in the preceding table. 
Attrioutes ti?.at ente'- suc'a comparisons are as follows: 
Tlie b8.nkin'g irotion determines tne angle of bsnJi: attainable 
in a given irterval of time. T-ae azimrith notion deter- 
mines the magnittice and tne duration of the adverse nead- 
irg, and the sideslipjing ^.otioa deteraines the angle of 
sideslit) at any instant. It is considered desi-able to 
©ttain as large a positive angle of bank as is feasible 
wifa a given positive control laoEient , to have the "banking 
motioxi as nearly' linear with time as possible, to prevent 
acy initial adverse heading and obtain a suli-sequent 
linear variation of leading afte-*' an interval of the order 
of 1 or 2 secoadsj and to Keep ire angle of sideslip at a 
minimum. All the fo-egoing attri'Dutes must be considered 
in determining any pertinent optimum condition. 

iDasis for analyzing the various motions having been 
estal)l i 813.65 , consideration must te given tl'C t/pe of con- 
trol sptlication that initiates the motion. It is possi- 
ble to consider motions initiated by rolling moment, yaw- 
ing moment, or Ijoth of these raoment s in any coniDinat ion , 
Sucn applications of noments are considered ohtainable hy 
def lectio "'s of the ailerons, tne rudder, or both, 

The curves of figure 1 represent tne banking motions 
as defined "by equation (7) for the nine combinations 

of parameters and tne three values of the ratio Cj|,/0^. 

The banking motions following a deflection of the as- 
Eumed ailerons, that is, motions following moments applied 
in tne ratio C^/C], = -0.135, are Qho^nn in figure 1(a). 

This figure indicates that, for prolonged banking maneuvers 
and for each value of dihedral, increases in vertical tail 
area produce motions which vary more lineally with time and 
are of greater magnitade. Thfs variation is due to the 
fact that the angle of sideslip at each instant is simul- 
taneously reduced and therefore the magnitude of the re- 
storing rolling moment due to sideslip io also reduced. 
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The effects of changes in vertical tail area become less 
important as the vertical tail si-ea Increase 3 » At the 
start of tiie motion, Jriowever, cianges in vertical tail 
area have no appreciable effect for all tile values of 
dijaedral considered. The 1-second tiiping test for aileron 
effectiveness is theTefore of some advantage. The dihedral 
ar gle , no'^ever, ffiust be taken into account if comparisons 
of the ai"?eroas of different airplanes are to "be made. 

The curves of figure 2(a) are dat ermii-^ed by equation 
(10) and are reciprocals of tne cross plots of figtire l(a) 
at tile instants of 1, 2, 4, and 10 seconds, identified as 
^1' '^s' '-^4' ~*io* •^^'^ cross plots at 1 second, identi- 

fied as cpj^, srow again that vertical tail area in the 

range covered £as "out little effect in an interval of the 
order of 1 secord. After longer ia+er^/als, xxowever, the 

ffect of j nc-^ea si :Ofi vei'tical tail area is pronounced and 
advantageous, for i'^stLace, when Sf/S^^ = 0.08, less 

control is needed to attain a given angle of 'Dank In 2 
seconds than i"i.en Sf/s,^ = 0,04. This effect is more ■pro- 
nounced for longer rnaneavers and for increased values of 
dihedral. Because the control stick forces are directly 
proportioral 'to tae magnitude of t ne applied control mo- 
ments, it is evident from figure that increasing ver- 
tical tail area effects a corresponding decrease in stick 
forces . 

0.aanges in vortical tail area in the range covered 
also have large effects on the azimuth motion, as shown 
by figure 3"'a). (The curves of figc 3 are determined by 
equation (8).) The motions for Bf/B,^ = 0,04, for in- 
stance, are negative for the duration of the motion. An 
increase in &f/^-^ to 0.06 causes the motion to become 
positive after a relatively long interval of time. Further 
increases in B^/S^ reduce this interval and decrease the 

magnitude of the adverse heading. This initial adverse 
heading cannot be totally eliminated, nowever, by any 
finite value of Sf/S^, as is shown by figure 4(a). fig- 
ure 4(a) is a cross plot of the maxlEium adverse headings 
of figure 3, 

Tne main effect of increasing vertical tail area on 
the sideslipping motion is to decrease the rate at which 
sideslip increases. This effect is evident from figure 
5(a). The magnitude of the angle of sideslip may there- 
fore be kept small, for any maneuver of the duration con- 
sidered by increasing vertical tail area. 
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Tte principal effects of changes of vertical tail 
area may "be siiinraariized as follows; increases in area cause 
more linear tanking motions, redT-ce the aileron control 
forces (or as a correlate, increase aileron, effectiveness), 
decrease tne magnitv.de and the duration of adverse heading, 
and retard the increase of sideslip, A consideration of 
all three lateral motions, 0, ^ and thus indicates 

that desxraole flying qualities are associated with appre- 
ciable vertical tail sizes, as long as the airplane is con- 
trolled predominantly hy the ailerons. 

The ef'^^ec'^'s of clianges in dihedral angle have yet to 
be determined. Figure 1(a) indicates that the dihedral 
effect OToposes the 'baiilring motion resulting from aileron 
control, in eacn case. Tais opposing action 'is dependent 
upOxi tbe mag,. nit:. de of tne sideslip so that, for banking 
motions during which sideslip is not alleviated by vertical 
tail area, the opposition to the tanJring maneuver is very 
large. In addition, the com'binat ion of any appreciahle di^ 
hedral and large angles of sideslip associated ■with small 
vertical tail a "•'ess ca\7ses the lateral oscillation to be- 
come a verj lari-,e percentai?e of t^e total motioii; that is, 
the oscillatory Fode of tne hanlring 'lotion becomes very 
large nitn res^.ect to tne ajeriodic modes. Although for 
sucn cases a coiiSiderat i jn of the daraping and the period 
of tne lateral o scij.lat ion may indicate desirable motions, 
the motions are actually very erratic (for example, cases 
4 and 7, fig, 1(a) ) . 

Because the banking motion is diminished by the di- 
hedral effect, it is apparent that increases in dihedral 
increase the aileron forces necessary to perform a gfven 
maneuver, as indicated in figure 2(a). It ±3 also shown 
that, for the smaller values of vertical, tail area, the 
initial control moment reqiiired to x>erforia certain maneu- 
vers becomes very large. The indication that the neces- 
sary control application becomes infinite at certain val- 
ues of Sf/s^ will he considered later» 

The effects of dihedral on the banking motion having 
been discussed, fa azimuth motion is to he considered. 
Figure 3(a) indicates tnat the azimuth is not greatly af- 
fected by dihedral. When S*./s^ = 0.04 (cases 1, 4, 

and V), the e"^fect of dihedral is to prevent the heading 
from continuously increasing adversely. The heading, how- 
ever, iDerely asymptotes a negative azimuth for increased 
values of dihedral, and this resulting motion cannot be 
said to he favorahle. For all other cases the effect of 
dihedral is insignificant. 
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With re^ird to sideslipping, an inspection of figure 

5(a) indicates that increasing dihetoal retards ths rate of 
increase of sideslip. This effect is large for BEiaU values 
of vertical tail area. It is iDiportant to note, ho-wever, that 
increases in dihedral prevent sidoslip onl/ the expense of 
opposing the ibanjking motion . For a g3.ven laejieuvor, performed by 
increased aileron control, the sideslip is not reduced hy increases 
in dihedi'al, as indicated by figure 5(a). 

Qi the whole, the motiona as Initiated by aileron 
control indicate that the eif eotim di'''-3dral Bh.ould be as email 
as will be pemitted by other crii^erions For caseS in 
which +ne dihedral carinot bo mads small, increasing vertical 
tail area makes possihle comparahls motions at the expense, 
however, of increased control forces associated with large 
dihedral ang3-es 

In the foregoing discussion, only the notions initiated 
hy conventional aileron control have heen considered \-l±t] such 
control, an adverse jawing moment is applied. Tho elimination 
of this adverse yawing moment presents a possible method 3f im- 
proving the resulting motions . The following discussion therefore 
concerns changes hrought ahout by progressive changes in the ratio 
Pnt'^ from -0 Ij'i to 0.135 Such ratios are also representa- 
tive ^of those ohtaiiiP.tle by slmultanecas deflections of "both the 
ailerons and le rudder 

Fj-gUTj 1 illug+rates the improvoi?-ents in the haiilcing notions 
effected by increases in Cn/C-j « The motions become mcxe nearly 

linear a3.id of greater magnitude. Tho iEiprov©r©nt is greatest for 
the smaller values of vertical tail area considered. For instance, 
when Cjtl/G-j = -0.135 (fig- 1(a)), case ^4- demonstrates that it is 
impossible lo have the airplane in a banked attitude when 
s =; 8.25 (2.34 see) hj means of control of the type assumed. This 
same impossihility is deijonstrated hy figure 2(a), which indicates 
infinite control momenta. Furthermore, the auglu of bank after 
2.34 seconds is negative although it is caused by positive control. 
An increase in Cn/C-j to 0 (fig. 1(13)) extends tho time interval 

dirring which the harJc is positive. A further increase in Cj^/C^ 

to 0.135 entirely prevents any such erratic Ijaaoking notion 
(case fig. 1(c)). Case 7 is similarly affected. 
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The forego irg discuasion of cases 4 and 7 (fig* l) 
involves ouly %hemotions resulting from control ariplied 
instantaneoTisltf at the start of the motion and held con- 
stant thereafter. Bj' varying correctly the ratio or magni- 
tude of the applied control moments or laoth over a period 
of time, any maneia-ver can "be performed. Xf the response 
to a unit control application is erratic, however, any 
variable control so compouiided of units over a period, of 
time as to result in any predetermined motion is corres- 
pondingly erratic. Because of the unpredictable nature 
of the response to control for such cases and because of 
the limits imoQsed by tne pilot's sKill, the ability to 
jerform the required control manipulation for any maneu- 
ver is taerefore questionable. This statement is true for 
the nonlinear inLereT?t motions of cases 4 end 7 where the 
response to control application does not appear to be pro- 
portional to control deflections. ii-irplanes having such 
inherent lateral motions are there-^ore to be avoided. 

It was noticed during the computations of the various 
motions tiiat erratic motions occur when the oscillatory 
mode "becomes a large percentage of the total motion, where 
the total motion is the summation of its periodic and 
aperiodic modes. The amplitude of the oscillatory mode 
associated with small values of Sj/S^ is very large rela- 
tive to the aperiodic moaes. Increases in Sf/S^ decrease 

the amplitu.de of the oscillatory mode and increase the 
magnitude of the aperiodic mode. This effect is large for 
small values of S^/s^ and decreases as Sf/s^ increases. 

Simultaneou.sl,y witn decreases in amplitude, tho tieriod of 
the oscillation decreases and the damping with respect to 
time increases. Ihe damping with respect to cycles, how- 
ever, decreases. 

Damping in terms of cycles of the lateral oscillation 
cannot be considered indicative of the lateral flying char- 
acteristics» Because it is the total lateral motion that 
denonstrates flying qualities and because the total- motion 
is the summ,ation of modes both periodic and aperiodic in 
nature, the ratio of the magnitudes of the periodic and 
the aperiodic m-odes must he i^ept small for favorable fly- 
ing characteristics. This relation is accomplished when 
the period of the lateral oscillation is very short {of 
the order of 3 sec for the hypothetical airplane). 
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Tb.e effect of increasing ° amount of 

control necessary to perform given "bank maneuvers is shown 
in figure 2, Jt will be noted that, the control moments of 
figure 2(a) "become infinite at the low values of Sf/S^ 

that correspond to impossi"ble bank maneuvers, as pointed 
out previously. Whereas increasing ^n./^ X to 0 effects 

improvements in the curves, a further inc5:ease to 0.135 
entirely eliminates ti+e discontinuity of the curves in the 
range covered.. It should be noted that the effects of 
variations of vertical tail, area and dihedral are decreased 
ty increases in Gji/O^' 

She coatrol forces heing proportional to the control 
moments a^T^lied to tne airy lane, figure 2 also indicates 
a variation of control forces. The control forces are 
therefore decreased by increases in vertical tail area and 
"by decreases in dihe<?ral. Although increasing 0^/ G i 

indicates a decrease in applied rolling moment, the ap- 
plied yawing moment, v/he.a ohtained by mechanically cou- 
pling the ailerons ana tne rudder in proportion to Cjj,/0^» 

must be considered in determining the control forces. 
Thus the cnanges 5 i control, forces are not; necessarily pro- 
portional to the changes In rolling moment caused by in- 
creasing Cn/Oi (fig. 2). 

The effects of Oj^/Gi on the azimuth notion may be 

determined from figure 3. , Increasing Ojx/Ol from -0.135 

to 0.135 progressively produces better defiijed motions. 
Simultaneous applicatioi of sufficient favorable yawing 
moment with the rolling moment (fig. 3(c)) entirely elim- 
inates an/ adverse heading. 

It should also be noted that the change in heading 
during tae interval of tine (of the order of 2 sec) im- 
mediately following the application of control remains 
small for relatively large vertical tail areas in figures 
3(a) and 3(d) and for all vertical, tnil areas in figure 
3(c). On the other hand, tne banking motions (fig. 1) 
rapidly become large. Thus it is possible to perform a 
relatively rapid bank maneuver with the ailerons without 
appreciably changing the heading. Such a maneuver, for 
instance, is desirable for correcting: a banked attitude 
while landing. 
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Fig ire 4(a) is a cross plot of -^ignte 3, sliowing the 
variation of lEax'.miim adverse hepd-ing witia vertical tail 
area. Only one -valae of dihedral is considered 'becaiise 
of tae smali. effects of diliedral. Figure 4(a) indicates 
that adverse heading is entirely eliminated by applying 
control in the ratio > 0.129 regardless of the 

value of Sf/S^7. B'or particular values of Sf/S^^, aow- 
ever, tiiere exist particular values of On/C^ that pre- 
vent any adverse Ixeading. This variation of 0^/ 0 I with 
Sf/S-s-r is deterniined. by e^nation (11) and ie shown on 
figure 4(b). It is indicated tnat taese optimum values 
of ^jx/ ^ I s^rs decreased as increases and as F 

becoraes \SLT^e- 

TLe effect of changes in the control ratio C^/Oi on 

the sideslipping motions may "be determined frora figure 5. 
Increasing Oj,/Cl from -C.135 to 0.1?5 progressively re- 
tards tile rate of increase of sideslip for all combina- 
tions of tie rartmeters considered. It is indicated that, 
with smal"" valaes of S^/s^, large angles of sideslip are 

liiely to esiijt during lateral maneuvers performed by con- 
veitional aileron control. 



Lateral Motions Due to Applied Yawing Moment 

The effects of chani,es in (?ihedral and vertical tail 
area on the lateral motions resulting from apT)j.ied yawing 
moment, such, as rcigiit be obtained by rudder deflections, 
are indicated ir figure o. In general, it should he 
rioted, tnat all the lateral motions of figure 5, determined 
by equations (12), (13), and (14), are erratic, indicating 
it sloppy" maneuvering if an attempt is made to alter the 
flight path by means of the rudder. 

Figure 6(a) indicates that increasing vertical tail 
area decreases the magnitude of tne banJsring motions and 
thereby increases the magnitude of the applied yawing mo- 
ment necessary for performing a given bank maneuver. In- 
creasing vertical tail, a^rea also produces motions that 
deviate greatly from a linear variation nith time. figure 
6(a) also indicates tnat increasing dihedral increases the 
magnitude of the banking motions and causes a more linear 
increase of bank angle with time. Figure 6(b) shows that 
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the magnitude of the azimutli motion is decreased by in- 
creases in vertical taix area. Azimuth, notions that vary 
irregularly with time axe also produced, Increesii^g di- 
hedral (fig. 6("b)) has small effects on the azimuth motion, 
the character of the motion being defined essentially by 
vertical tail area. 

Very often if is desired to change the heading with- 
out appreciably altering the angle of bar-k, as when the 
airplane is being alined with 0, runway. This maneuver is 
usually accomplisned "by means of the rudder, and the ef- 
fectiveness of tne rudder for this purpose may be obtained 
from figures o(a) and 6(h), The rudder hecomes more ef- 
fective as the ratio of the azimuth notion to the hanlcing 
motion becomes largo. Dividing G^j hy ^/Cjj^ at the 

ifstant ^rhen s = 5 shows, approximately, a variation in 
the ratio from 3.75 to 1.75 with decreases in dihedral 
from 10° 1 0 0^ and, little 0 r no variation with changes in 
vertical, tail area in vhe range covered, The same varia- 
tion, although of different magnitude, exists when s = 10 , 
It is therefore importaiit, for this maneuver, that tbe di- 
hedral angle "oe xrept snail. 

The sidesliri as shown oy figure b(c) is negative 
(that is, the airplane skids) immediately following the 
application of positive yawing moment and becomes positive 
only after an a-opreciable interval of tfme, that is, ap- 
proximately 4 seconds or more. The effect of increasing 
vertical tail area is to decrease the magnitude of the 
slrid, Tiie sideslip during a given maneuver, however, is 
not appreciably altered because a correspondingly in- 
creased yawing moment must be applied in order to perform 
sucn a maneuver. 

Increasing dihedral (fig. 6(c)) increases the erratic 
nature of the sideslipping motion and reduces its magni- 
tude, 

Tne motions due to applied yawing moment as a whole 
indicate that virtually no combination of vertical tail 
area and dihedral in the range covered allows well- executed 
lateral maneuvers with the rudder. One exception, however, 
is a maneuver involving intentional sideslipping, for which 
the rudder is an effective control, psrticularly with small 
dinedral, for maneuvering, then, the principal uses of the 
rudder are to enforce sideslip and to supply secondary as— 
sis%ance during aileron-controlled maneuvers. 
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COICLUSIOITS 



Tixs results of tixis taeorefcical anal/sis may jbe summed 
ttp in the following oofclusions; 

1. Tj18 iTotions initiated "b/ aileron control indicated 
t>at d.esiralJXe flying qualities are associated yr^t'a con- 
sideracle vertical tat? area. Supplementary control "by 
means of the ru'^der or ailerons '"ith iiiherent favorable 
jawino iroment of the order cf oxie- eighth the rolling mo- 
mer-t allows ± red ctioi* in vertical tail area. 

2. When tae airplane is controlled predorainantlj'' "by 
tie ailerons, tho cf'feotivo dihedral sLould he as small 

as wili "be rermitted pz otner sr^'terions. Aile'^on coxitrol 
force's tray pe s a'bsta at lally reiticed by increasiag vertical 
tail area w en tne dl'^ectiox^al stability is small, 

3. En^der soctrol alone is unsatisfactory for obtain- 
■i iig sat isfact-o r^^r latex^c'l maneuve'^s that involve banking 
and c"'ai!siift of co Tse. Ti^e pri-'cipa"' uses of the rudder 
are to enforce sic'eslij and to sajpleiaent the ailerons 
and, for t -lis ao-'ditior-, dihedral shoaid be kept small. 

4. Da^tf ing of t\B lateral oscillation with vesvect 
to cj- cj.es SiiOuld r.ot be considered indicative of lateral 
flyin^ characteri si;i es. 

5. For favorabi-e lateral flying characteristics, 
the •"atio o'^ the magnitudes of the periodic to the aperi- 
odic modes of the lateral notion must be kept small. This 
relatior is apparently accoKtclishefi when the period of the 
lateral oscillation is very snort (of the order of 3 sec 
for tia.e nypothetical airplane). 



Langley J emorial Aeronautical Laboratory, 

Fatlonal Advisory Committee j. o r Aeronautics ♦ 
Lang ley Field, Va. - 
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(b) Cn/Ci, = 0 

: 0.135. 
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Figure 2.- The magnitude of control 

moments necessary t 0 perform 
certain banking maneuvers as influenced 
by changes in vertical tail area, di- 
hedral, and control characteristics. 
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Figs. 3,4 





(ai r = 5°. (h) li/Ci = 0. 
Figrure 4.- The adverse 

heading as influ- 
enced by changes in vertical 
tall area, dihedral, and 
control characteristics . 



(a) Cn/Ci = - 0.135. ib) C^/Ci = 0. 
(c) Cn/Cx = 0.135. 

Figure 3.- The azimuth motion due to 

a unit rolling moment as 
influenced by changes in vertical 
tail area, dihedral, and control 
characteristics . 



Figs. 5,6 




(a) Cn/Ci = -D.135. 

(c) Cn/Ci = 0.135, 

Figure 5.- The sideslipping motion due to a 

unit rolling moment as influenced 
by changes in vertical tail area, dihedral, 
and control characteristics. 
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'a) Rollins motion 'bJ Azimuth motion. 
' c 1 Sideslipping motion . 

Figure 6 The lateral motions due to a 

unit yawing moment as influenced 
by changes in vertical tail area and 
dihedral 



